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Better understanding of variations in the mechanical properties of cancer cells could help to provide novel solutions for the diag-
nosis, prevention, and treatment of cancers. We therefore developed a calculation model of the intracellular elastic modulus based 
on the contact pressure between the silicon tip of an atomic force microscope and the target cells, and cutting depth. Ovarian cells 
(UACC-1598) and colon cancer cells (NCI-H716) were cut into sequential layers using an atomic force microscope silicon tip. 
The cutting area on the cells was 8 m × 8 m, and the loading force acting on the cells was increased from 17.523 to 32.126 N. 
The elastic modulus distribution was measured after each cutting process. There were significant differences in contact pressure 
and cutting depth between different cells under the same loading force, which could be attributed to differences in their intrinsic 
structures and mechanical properties. The differences between the average elastic modulus and surface elastic modulus for 
UACC-1598 and NCI-H716 cells were 0.288±0.08 kPa and 0.376±0.16 kPa, respectively. These results demonstrate that this 
micro-cutting method can be used to measure intracellular mechanical properties, which could in turn provide a more accurate 
experimental basis for the development of novel methods for the diagnosis and treatment of various diseases. 
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The cytoskeleton has a major effect on the responsiveness 
of cells to external stimuli [1–5] and is composed of a vari-
ety of protein filaments of different sizes and degrees of 
stiffness [6–10]. Cells can be cut into sequential layers us-
ing an atomic force microscope (AFM) tip, which allows 
the elastic modulus of the cytoskeleton and the organelles to 
be determined. The sequential distribution of the intracellu-
lar elastic modulus can thus also be plotted, allowing an 
overall understanding of the mechanical properties of the 
cells to be determined. This in turn can provide a more de-
tailed experimental basis for studying cytopathology and 
disease processes. Investigations into intracellular mechan-
ical properties are therefore crucial.  
In this study, cells were cut into sequential layers using 
an AFM-based nano-cutting system, and the contact proper-
ties between the AFM silicon tip and the cell were analyzed 
to measure the distribution of the intracellular elastic mod-
ulus. In addition, the cell morphology after each cutting 
process was also examined. 
1  Materials and methods 
1.1  Sample preparation 
Ovarian cells (UACC-1598) and colon cancer cells (NCI- 
H716) were treated with 10% fetal calf serum (volume frac-
tion) and double-resistance (penicillin, streptomycin, final 
concentration 200 U/mL) RPMI 1640 medium, and cultured 
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in 12-well plates. Cells were grown on 1-cm diameter co-
verslips at 37°C under 5% CO2. Well-grown cells were se-
lected for the experiments. Cells were fixed with 5% glutar-
aldehyde for 15 min at room temperature.  
1.2  Instrument  
A Dimension 3100 AFM (Veeco, USA) was used. Silicon 
cantilevers with a nominal spring constant of 30 N/m (Microl-   
evers, MLCT-AUHW, Veeco, USA) were used for cutting. 
1.3  Experimental procedure 
The cell sample was fixed on the AFM scanning stage. The 
scanning parameters included a scan range of 30 m × 30 m, 
scan rate of 1 Hz, an integral gain of 2 V, and a proportion 
gain of 4 V. After initialization, the tip approached the sam-
ple surface to penetrate the sample, accompanied by vertical 
loads imposed on the cells. The lateral edge of the tri-cone 
tip cut the sample in accord with the scanning motion of the 
tip. The cutting area was 8 m × 8 m. The indentation 
force curve on the processed region was detected, and the 
indentation lattice is shown in Figure 1. 
2  Results 
2.1  Calculation of cutting depth and Hertzian contact 
stress between the silicon tip and the cell  
The AFM silicon tip was tri-cone shaped, with a spherical 
cap at the end of the tip [11]. Hertzian theory suggests that 
the contact between the hard sphere and the plane is as-
sumed to be an elastic contact. To calculate the average 
stress of samples at different loads, the silicon tip was as-
sumed to be spherical and the cell was considered to be a 
flat surface. The depth of penetration of the silicon tip into 
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, (1) 
where W is the exerted vertical loading force.  is a constant, 
and 
 
=1 when there is contact between the sphere and the 
plane. The radius, Young’s modulus and Poisson’s ratio of 
the silicon tip are R (10 nm), ESi and Si, respectively. The 
Young’s modulus and Poisson’s ratio of the cells are Ecell 
and cell. 2K′(k)/=1, when there is contact between the 
sphere and the plane. 
Once cutting began, the tri-cone part of the silicon tip 
became the effective working part as the interaction be-
tween the silicon tip and the cells increased. The contact 
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. (2) 
The Young’s modulus and Poisson’s ratio of the AFM tip 
were 190 GPa and 0.28, respectively. The surface elastic 
modulus of ovarian cells (UACC-1598) Ecell1 was 4.35 kPa, 
and the Poisson’s ratio cell1 was 0.3. The surface elastic 
modulus Ecell2 and the Poisson’s ratio cell2 of colon cancer 
cells (NCI-H716) were 6.37 kPa and 0.3, respectively. 
The side of the pyramidal edge of the tip acted as the cut-
ting edge, and the maximum contact pressure between the 
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The maximum contact pressure Pmax and cutting depth  of 
the cells under different loading forces are shown in Table 1.  
As shown in Table 1, there were significant differences 
in contact pressure and cutting depth at the cell surface be- 
 
Figure 1  Indentation lattice.  
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Table 1  Calculated contact pressures and cutting depths under different vertical loading forces 
Loading voltage  
V (V) 
Vertical loading 
force W (N) 
Contact pressure Pmax 
(Pa)  Cutting depth  (nm) 
Ovarian cancer cells Colon cancer cells  Ovarian cancer cells Colon cancer cells 
3.0 17.523 0.597 0.525 4.228 1.52 
3.5 20.444 0.538 0.475 4.686 1.69 
4.0 23.364 0.493 0.434 5.122 1.84 
4.5 26.285 0.455 0.398 5.540 2.00 
5.0 29.206 0.424 0.373 5.944 2.14 
5.5 32.126 0.398 0.350 6.334 2.28 
 
tween different cell types, calculated for the same loading 
voltage. This suggests that the elastic modulus differed con-
siderably between the different cell types. 
2.2  Measured cutting depths under different loading 
forces 
The topographies of the ovarian cells and colon cancer cells 
after each cutting process are shown in Figures 2 and 3, 
respectively. The depth of the square cutting area on the cell 
surface increased with increased loading voltage. Because 
the cell organelles and cytoskeleton are distributed stochas-
tically in the cells [12–14], the surface of the cutting area 
was uneven, and some organelles and cytoskeleton were 
exposed; some of the exposed organelles were complete, 
while others were cut. As shown in Figure 2, four pits of 
different sizes were seen, probably where organelles had 
been lost.  
The topography of the cells and the average cutting depth 
on the cell surface were collated and analyzed under differ-
ent loading voltages. The measurements were then com-
pared with the Hertzian theory calculation, as shown in 
Figure 4. 
As shown in Figure 4, the measured values were in good 
agreement with the calculations based on Hertzian theory, 
thus confirming the validity of the theoretical calculations. 
Comparison of the average elastic modulus of the cell sur-
face and the average intracellular elastic modulus after each 
cutting process is shown in Figure 5. Based on measure-
ments from 20 cells for each sample, t-tests were used to 
estimate the elastic modulus range of the cells. The average 
differences between the surface elastic modulus and average 
elastic modulus for ovarian and the colon cancer cells were 
0.288±0.08 kPa and 0.376±0.16 kPa, respectively. The av-
erage intracellular elastic modulus was greater than the av-
erage surface elastic modulus, indicating that the elastic 
moduli of the organelles and cytoskeleton were greater than 
that of the rest of the cell. It is therefore reasonable to use 
the average intracellular elastic modulus as indicative of the 
elastic modulus of the whole cell. 
 
Figure 2  AFM topography of an ovarian cell after each cutting process. (a)–(f) are machined topography under the loading voltage of 3, 3.5, 4, 4.5, 5 and  
5.5 V, respectively. 
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Figure 3  AFM topography of a colon cancer cell after each cutting process. (a)–(f) are machined topography under the loading voltage of 3, 3.5, 4, 4.5, 5 
and 5.5 V, respectively.  
 
 
Figure 4  Cutting depth on the cell surface under different loading voltages. Comparison of measurements and Hertzian theory calculations in ovarian cells 
(a) and colon cancer cells (b). 
 
Figure 5  Comparison between the surface elastic modulus and the average elastic modulus in ovarian cells (a) and colon cancer cells (b).  
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3  Discussion 
The intracellular elastic modulus can be measured by cut-
ting cells into sequential layers, allowing accurate compari-
sons of the elastic modulus to be made among different cell 
types. Errors caused by inappropriate selection of measure-
ment points are excluded using this technique.  
This method may therefore provide the basis for the de-
velopment of more accurate and reliable methods for detect-
ing and treating cancers. Further studies are needed to ob-
serve the cut surface of cells using other optical instruments.  
4  Conclusion 
The surface and internal mechanical properties of cancer 
cells can be measured using AFM. This study used a new 
method of measuring the intracellular elastic modulus based 
on cutting the cells into sequential layers using AFM. Our 
calculations confirmed that Hertzian theory can also be used 
to calculate the mechanical properties in the AFM process. 
The results demonstrated a large difference between the 
surface elastic modulus and the average intracellular elastic 
modulus, mainly attributable to the complex structures pre-
sent within the cell. This method of measuring intracellular 
mechanical properties may help in the development of more 
accurate methods of detecting cancers. 
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